The Japan Proton Accelerator Research Complex (J-PARC) linac is operated with design peak current of 50 mA from 2018. For operation with such a high beam current, it is important to understand transverse and longitudinal beam properties especially in low-velocity region. A medium energy beam transport (MEBT1) line between the 3-MeV radio-frequency quadrupole linac (RFQ) and the 50-MeV drift-tube linac (DTL) is a 3-m-long transport line to match the beam to the DTL and produces a macro pulse configuration for a 3-GeV rapid-cycling synchrotron (RCS). In this paper, recent measurements and beam tuning results in MEBT1 will be presented.
INTRODUCTION
The Japan Proton Accelerator Research Complex (J-PARC) linac consists of a 50-keV negative hydrogen (H -) ion source (IS), a 3-MeV radio-frequency quadrupole linac (RFQ), a 50-MeV drift-tube linac (DTL), a 191-MeV separated-type DTL (SDTL), and a 400-MeV annular-ring coupled structure (ACS). A medium-energy beam transport section (MEBT1) is installed between the RFQ and DTL in order to produce a macro pulse configuration for a 3-GeV rapid-cycling synchrotron (RCS).
The J-PARC linac is operated with design peak current of 50 mA from 2018. Further, a higher beam current is being investigated for future projects at J-PARC. For operation with such a high beam current, it is important to understand transverse and longitudinal beam properties especially in MEBT1 because space charge effect is most prominent.
In this paper, the beam measurements and current status of the beam tuning at MEBT1 are presented. First, we show beamline components in MEBT1. Then, we show results of the beam measurements and beam tuning at MEBT1. Finally, we summarize our results.
BEAMLINE
MEBT1 is a 3-m-long transport line, as shown in Fig. 1 . MEBT1 has two main functions. One is the matching of the beam to the DTL. Eight quadrupole magnets (Q1 to Q8) and two buncher cavities are used for this purpose. The other is the production of a macro pulse configuration in accordance with the radio-frequency of the RCS. The radiofrequency deflector (RFD) and a scraper located 0.72 m downstream from the RFD serve this function; unnecessary beam bunches are horizontally deflected by the RFD and then dumped to the scraper. * masashio@post.kek.jp The RFD consists of two radio-frequency gaps operated in a TE 11 -like mode. The operation frequency is 324 MHz which is same as that of the RFQ and DTL. The distance between the gaps corresponds to 3βλ, where β is the particle velocity normalized to the speed of light and λ is a radiofrequency wavelength. Because the two radio-frequency gaps are independently operated with a semiconductor amplifier with a peak power of 120 kW [1] , the synchronous phase and radio-frequency voltage are tuned individually. The design electric field for deflecting beam is 2.6 MV/m and deflecting angle is 6 mrad.
The transverse beam profiles are measured by a wire scanner monitor (WSM) [2] . The WSM employs 7 μm diameter carbon wire. Because the frame is installed with 45 • against the horizontal axis and the frame has two wires in the horizontal and vertical directions, the horizontal and vertical profiles can be measured. The head is moved by 0.1 mm step using a stepping motor unit. In this paper, three WSMs (WSM-A, WSM-B, and WSM-C shown in Fig. 1 ) were used.
MEASUREMENT AND TUNING

Transverse Measurement
The Courant-Snyder parameters in the transverse direction were measured by so-called Q-scan method. The beam profile in the horizontal and vertical directions were measured using the pair of Q3 and WSM-B and the pair of Q2 and WSM-A, respectively. The measurements were performed at different quadrupole field strength. Almost 100% beam transmission to the beam current monitor located behind the WSM is maintained during the measurements. In order to treat the transverse direction independently to the longitudinal direction, the buncher cavity was not operated during the measurements. Figure 2 shows the transverse beam size measured by the WSMs. The measurements were performed at different period: October 2018 and March 2019. An RF antenna in the IS module was replaced as a regular maintenance work between each period and a beam transport line between IS and RFQ was optimized in each period.
To estimate the beam parameters, the beam dynamics simulations were performed using IMPACT, which is threedimensional particle-in-cell code [3] . The Courant-Snyder parameters of the beam exiting the RFQ were fitted by employing the SIMPLEX algorithm [4] . The simulation results with the fitted beam parameters are shown by the smooth curves in Fig. 2 . The measurements and the simulations are consistent within few percents. Figure 3 shows designed and measured rms phase space ellipses. The fitted transverse emittance is 0.2 π mm mrad, which is consistent with the LINACSrfq [5] simulation within several percents. The mismatch factor [6] between designed and measured ellipses is less than 0.2 in all the results. It corresponds to approximately 10% additional emittance growth due to the beam mismatch to DTL, which is acceptable for the stable operation. The difference of emittance between two periods is several percents. The cause of the difference is considered to be due to the different parameters of the upstream beam. 
Longitudinal Measurement
The Courant-Snyder parameters in the longitudinal direction were measured using the RFD and WSMs [7] . In this measurement, the longitudinal bunch width is converted to the transverse one using the RFD. The transverse beam width is measured by the WSM downstream (WSM-B) and the longitudinal bunch width is reconstructed by comparing the beam width with and without the RFD operation. The longitudinal bunch width ( Δφ 2 ) is calculated from the beam width with the RFD operation ( x ± k(Δφ − δ) 2 ) and without the RFD operation ( x 2 ) as following equation:
where x is the horizontal position, k represents the deflecting angle, and δ is the phase offset to the zero-crossing of the RF field in RFD. Figure 4 shows the measured longitudinal bunch size as a function of the buncher radio-frequency voltages. In Fig. 4 , measurement at two period is shown as blue square (Oct. 2019) and black circle (Nov. 2019). The upstream beam conditions are same during these periods. The measurements are consistent each other within the measurement error of 0.5 degrees.
The beam dynamics simulation is performed using IM-PACT and the Courant-Snyder parameters of the beam exiting the RFQ were fitted with the SIMPLEX algorithm [4] . The error matrix was evaluated after fitting using the HESSE algorithm [8] . The simulation results with the fitted beam parameters are shown by the smooth curves in Fig. 4 . The measured emittance is 0.15 ± 0.01π deg·MeV, which was consistent with the simulation result.
Tuning
Based on the measured phase space ellipses of the beam exiting the RFQ, the beam optics in MEBT1 is being optimized. As a first step, the beam envelope in the MEBT1 This is a preprint -the final version is published with IOP was simulated by the IMPACT code and compared to the measurement by the WSMs. Figure 5 shows the result. Simulation and measurement are consistent at each location within approximately 0.1 mm. The rms drop-off in the horizontal direction at z = 1.9 m is due to loss at the scraper. The transmission at the scraper is also well reproduced by the simulation. We are developing the algorithm for designing the MEBT1 optics based on the results. 
CONCLUSION
The J-PARC linac is providing design peak current of 50 mA from 2018 and aims a higher beam current for fu-ture projects. The MEBT1 is most important to realize the higher beam current because the space charge effect is most prominent. We succeeded in measuring the transverse and longitudinal beam quantities at MEBT1 and reproducing the beam envelope in entire MEBT1 section. The design algorithm for the MEBT1 beam optics is being developed for better transmission at the scraper and further improvement of beam matching to downstream accelerator of DTL.
